The tribe Triticeae Dumortier in the grass family (Poaceae) includes the most important cereal crops (e.g., wheat, barley, and rye) and some economically important forage grasses. Elymus L. is the largest and most complex genus in the Triticeae tribe with approximately 150 species occurring worldwide. The genomic constitutions of~40% of Elymus species are unknown and some have unverified genomic combinations. Of those known for genome constitutions, Elymus species have a genomic formula of StH, StP, StY, StStY, StHY, StPY, or StWY. However, the origin of the Y genome is unknown because no diploid species have been identified as the Y genome donor. A putative Y genome specific random amplified polymorphic DNA (RAPD) marker was converted to a sequence tagged site ( 
Introduction
The genus Elymus L. (Triticeae, Poaceae) is composed of approximately 150 perennial species; thus, it is the largest and most morphologically diverse taxon in the Triticeae (Dewey 1984; Wang and Jensen 2009) . Elymus is also the most widely distributed (Dewey 1984; Jensen and Asay 1996) , occurring from the Arctic to temperate and subtropical regions. Approximately 80 of the known Elymus species originated in Asia, many of which have never been thoroughly studied. North America has the second largest number of endemic Elymus species (McMillan and Sun 2004) . The genus extends from North America into Europe, South America, and Australia (Barkworth and Dewey 1985; Wang 1992; Jensen and Asay 1996; Lewis et al. 1996) .
The genus Elymus is a complex group of allopolyploids containing multiple copies of different genomes (Liu et al. 2006) . It has been reported by Stebbins and Ayala (1985) that more than 80% of the Gramineae family have undergone polyploidization during their speciation. The number of chromosomes in Elymus is between 2n = 4x = 28 and 2n = 8x = 56 (Jensen and Salomon 1995; Jensen and Asay 1996; Ellneskog-Staam et al. 2007 ). The occurrence of polyploidy in Elymus may contribute to the facts that they are more resistant to cold, heat, and drought and are better adapted to new environmental conditions than their diploid progenitors. According to Stebbins and Antero (1954) , the ancestors of Pseudoroegneria spicata (Pursh) A. Löve and Hordeum L. migrated from Asia to North America, hybridized, and gave rise to some North America polyploidy species and then migrated to South America. Therefore, the genus Elymus is a model for studying morphological variability, phenotypical plasticity, and natural hybridization. The genus also provides excellent plant materials for cytogenetics, molecular genetics, and phylogeny investigations (Díaz et al. 1999) . Dewey (1980) initially described the genomic constitution of the Central Asian hexaploid (2n = 42). The genome combinations for Elymus species include StH, StY, StP, StStH, StHY, StPY, and StWY (Dewey 1984; Baum et al. 1991; Wang 1992; Wang et al. 1995; Larson et al. 2003) . Thus, all of the Elymus species share a common St genome originated from the genus Pseudoroegneria (Nevski) A. Löve (Dewey 1980; Wang 1992) , while the H genome originated from Hordeum, P from Agropyron J. Gaertn., and W from Australopyrum (Tzvelev) A. Löve. The letters X and Y have been assigned by various authors to denote the unidentified genomes in Triticeae species (Wang et al. 1995) . The Y genome is found in many polyploidy species of Elymus from Central Asia eastward to Japan (Dewey 1980) . About 30 StY genome Elymus species are found restrictedly in temperate Asia (Liu et al. 2006 ). Torabinejad and Mueller (1993) (Assadi and Runemark 1995; Svitashev et al. 1996) .
Chromosome pairing studies suggest that all the North American species of Elymus (e.g., Elymus canadensis L.)
are StStHH allotetraploids (Mason-Gamer et al. 2002) . Analysis of chromosome pairing confirmed the presence of the St and Y genomes in Elymus borianus (Melderis) A. Löve and suggested that the genomic formula of this species should be StYX, with X and Y symbolizing the unknown genomes (Svitashev et al. 1998) . From cytological analysis of artificial hybrids among StY species, evidence suggested that the degree of chromosome pairing in the hybrids gradually decreases with increases in geographical distance between the localities of their parental species (Lu 1993; Lu and Salomon 1993) . No diploid species containing the Y genome has been identified; thus, the donor species of the Y genome in Elymus is still unknown (Dewey 1984; Wang et al. 1986; McMillan and Sun 2004; Xu and Ban 2004; Yen et al. 2005) . Nevertheless, based on nuclear ribosomal internal transcribed spacer and chloroplast trnl-f sequences, it has been hypothesized that the St and Y genomes originated from a common ancestor genome (Liu et al. 2006 ). Thus, a putative Y genome specific sequence tagged site (STS) marker was tested on Elymus species for its reliability in detecting the Y genome. It was then used to screen accessions of Pseudoroegneria to identify possible Y genome donors.
Materials and methods
Plant materials with accession number, country of origin, identification number, genomic constitution, and ploidy level used herein are presented in Table 1 .
DNA extraction and quantification
Approximately 100 mg of fresh leaf tissue was collected from each seedling for DNA extraction using the CTAB (cetyltrimethylammonium bromide) method (Rogers and Bendich 1988) . Genomic DNA was quantified with a Nanodrop Spectrophotometer ND-1000 (NanoDrop Technologies, Wilmington, Delaware) at a wavelength of 260 nm. The genomic DNA was adjusted and normalized to 40 ng/mL and then evaluated by using 2% agarose gel stained with ethidium bromide (5 mg/mL) and recorded using a 2UV Transilluminator imaging system (UVP, Inc., Upland, California).
PCR
A pair of STS primers was designed for the Y genome specific random amplified polymorphic DNA (RAPD) marker (GenBank accession BV679236) derived from E. rectisetus using the Primer3 program (Rozen and Skaletsky 1996-1997) : OPB14F1 (5'-TCCGCTCTGGGATGTGAC-3') and OPB14R1 (5'-TCCTGAAGGTAAAACTTTCTGTTT-TT-3'). The STS-PCR product from various Triticeae species using these primers is hereafter named B14(F+R).
The PCR mixture was composed of 1Â buffer, 2 mmol/L MgCl 2 , 0.20 mmol/L dNTP, 1 U of Taq polymerase, 1.6 mmol/L each primer, and 20-60 ng of template DNA (20 ng for diploid species, 40 ng for tetraploid, and 60 ng for hexaploid) in a final volume of 25 mL. PCR was performed in an Applied BioSystems 9700 thermocycler (Applied BioSystems, Foster City, California) programmed to run at 95 8C for 2 min followed by 30 cycles of a denaturing step of 95 8C for 30 s, an annealing step of 55 8C for 30 s, and an extension step of 72 8C for 45 s followed by a final extension at 72 8C for 5 min. Quantitative PCR (qPCR) qPCR was carried out to determine the relative copy number of the Y genome marker B14(F+R) in three tetraploids (Elymus longearistatus (Boiss.) Tzvelev, ID No. 5992; E. canadensis, 6750; Elymus fibrosus (Schrenk) Tzvel., 6753) and three diploids (P. spicata, 6748 and 8389; Pseudoroegneria libanotica (Heck.) D.R. Dewey, 8376) . The qPCR mixture (25 mL) contained 20 ng of genomic DNA, 1Â reaction buffer, 1.5 mmol/L MgCl 2 , 0.4 mmol/L each of OPB14F1 and OPB14R1 primers, 0.25 mmol/L dNTPs, 0.2Â SYBR Green 1, and 1.25 U of Taq DNA polymerase (Promega, Madison, Wisconsin). Thermal cycling was carried out in an Engine Opticon2 System (MJ Research, Waltham, Massachusetts) as follows: 95 8C for 2 min followed by 35 cycles of 95 8C for 30 s, 55 8C for 30 s, and 72 8C for 45 s. Actin was amplified as the internal control using primers Actin-qF 5'-CTTTCCCTCTATGCAAGTGGTC-3' and Actin-qR 5'-TTCATAAGGGAGTCCGTGAGAT-3'. Opticon Monitor 2 version 2.02.24 software (MJ Research) was used to analyze the data. Four replicated PCRs were used for each genomic DNA -primer combination. Sample DNA concentrations were diluted to 5 ng/mL and checked with a ND-1000 Spectrophotometer (NanoDrop Technologies) to ensure equal loading of 4 mL (20 ng) of genomic DNA. Standard curves for each primer pair were established by pooling all genomic DNAs to determine the amplification efficiency of each primer-DNA combination. The standard curve for actin was y = -1.55 and r 2 = 0.979 and that for the B14(F+R) STS marker was y = -1.23 and r 2 = 0.953. The normalized values for B14(F+R) N were determined by dividing their average copy value by the average actin value. The standard deviation quotient was calculated from the standard deviations of B14(F+R) and the actin values according to the formula cv = (cv 1 2 + cv 2 2 ) -2 , where cv = standard deviation/mean value. Amplified PCR product (8 mL) was also electrophoresed in ethidium bromide stained 2% agarose gels to confirm the integrity of the amplified DNA.
Gel electrophoresis
The PCR product was mixed with 10Â loading dye solution by using 7 mL of the total 25 mL PCR product and 3 mL of loading dye and then analyzed by electrophoresis on a 2% agarose gel to confirm the presence of STS marker DNA. DNA profiles were recorded using a UVP 2UV Transilluminator imaging system. The size of the fragments was estimated using 100 bp ladders. All reactions were performed in triplicate, and only the positive bands were considered for this study.
Cloning and sequencing of the STS Y marker
PCRs producing the Y genome STS marker B14(F+R) were purified using the QIAquick spin columns (Qiagen, Chatsworth, California). Purified fragments were ligated and cloned into pSC-A vector (Stratagene, La Jolla, California) and transformed into Escherichia coli (StraClone Solopack competent cells). LB-ampicilin plates were prepared by spreading 40 mL of 2% X-gal on each plate. Twenty-five to 350 mL of the transformation mixture was plated on the LBampicillin X-gal plates and incubated overnight at 37 8C. The formation of blue or white colonies was observed the following day. The white or light blue colonies were selected for PCR using M13 forward and reverse primers and the colonies that contained the correct size of DNA were cultured overnight at 37 8C. Plasmid DNA preparation was performed using a QIAprep Miniprep kit (Qiagen). The plasmid DNA was quantified and then sequenced on an Applied BioSystems 3730 sequencer (Applied BioSystems) at the Center for Integrated BioSystems, Utah State University.
Analyses of DNA sequences
DNAstar (Lasergene 7 Software, Madison, Wisconsin) was used to edit the sequences. Multiple-sequence alignment analysis was performed to generate a phylogram using the ClustalW2 program at the European Molecular Biology Laboratory Web site. The homology between B14(F+R) and DNA sequences in the National Center for Biotechnology Information databases was checked using the WU-blastn program available at www.ncbi.nlm.nih.gov/.
Results

Specificity of RAPD-converted Y genome STS marker
The primers B14F1 and B14R1, designed from the 271 bp RAPD marker BV679236 and expected to produce a fragment of 269 bp, was used for testing the presence of the Y genome. The initial test showed that the STS marker was present only in Elymus species having the Y genome (Fig. 1) .
Subsequently, 33 accessions of Elymus were tested in this study for the presence or absence of the Y genome STS marker. Agropyron and Australopyrum species possessing the P and W genomes, respectively, were used as negative controls. Elymus longearistatus (PI 401282, StY) (Jensen and Wang 1991) was used as the positive control.
As expected, the STS-PCR test was negative for Hordeum bogdanii Wilenski (H genome), Agropyron cristatum (L.) J. scabrifolius (Doll) A. Löve, and Elymus glaucus Buckl. These species contain St and H genomes; thus, the negative result was expected. Only the StH tetraploid E. fibrosus yielded the unexpected positive result, even though at a weak band intensity (Fig. 2) .
Y genome STS marker in Pseudoroegneria species
Forty accessions of Pseudoroegneria were tested for the Y genome STS markers. The Y genome marker band pro- duced by 3 out of 40 accessions of Pseudoroegneria species (P. libanotica PI 401326, P. spicata PI 232134, and Pseudoroegneria cognata (Hackel) A. Löve T 219) (Fig. 2, lanes  12 , 15, and 16, respectively)) was at a lower intensity than that from Y-containing Elymus species (Fig. 2, lanes 6-9) .
To verify the results of Y genome marker amplification, template DNA concentration was normalized according to ploidy levels of tested species. The three diploid Pseudoroegneria species and two tetraploid Hordeum species that previously tested positive were included in this test along with species known to have or lack the Y genome. The intensity of the marker band was much stronger in species known to have the Y genome than that in species having other genomes.
qPCR
To accurately determine the copy number of the B14(F+R) STS marker in E. longearistatus (5992), E. canadensis (6750), E. fibrosus (6753), P. spicata (6748 and 8389), and P. libanotica (8376), a qPCR test was conducted (Table 2 ). There were almost 3000 copies of B14(F+R) in the StY genome of E. longearistatus, 3 copies each in E. fibrosus and P. spicata 8389, 1 copy in P. libanotica, and none in either P. spicata 6748 or E. canadensis. These re- sults are totally in agreement with those shown in Fig. 2 for these samples.
Cloning and sequencing the STS marker from Pseudoroegneria
The amplified B14(F+R) products from the genomic DNA of suspected Y genome donor species were cloned and sequenced. Fourteen clones of plasmid DNA sequence were isolated from P. spicata (8389, St), 5 from P. cognata (3257, St), 9 from P. libanotica (8376, St), and 11 from the positive control E. longearistatus (5992, StY) . While all 5 sequences from 3257 were identical, there are 11 variant types of sequences for 5992, 8 for 8389, and 4 for 8376.
Forty sequences ranging from 269 to 270 bp, including the the Y genome's RAPD marker (BV679236) that was amplified from E. rectisetus (StWY), were analyzed using ClustalW2 (Figs. 3 and 4) . BV679236 shared 92%-95% identities with clones from P. spicata (8389) and the positive control E. longearistatus (5992), with the exception of clone 5992-3, which had only 71% homology. BV679236 shared lower identities (91%-92%) with all clones of P. libanotica and P. cognata. The 14 sequences from P. spicata (8389) shared 91%-99% homology, whereas those from P. cognata (3257) and P. libanotica (8376) shared 92%-95% and 92%-97% homology, respectively, with sequences from E. longearistatus (5992) except 5992-3. The phylogram (Fig. 3 ) also shows that 5 of 14 sequences from P. spicata (8389) were much more similar to all of those, except 5992-3, from E. longearistatus (5992) and E. rectisetus (BV679236) than all others. However, one of the P. libanotica (8376-6) sequences was grouped with one from E. longearistatus (5992-4). Results from homology search using the WU-blastn program revealed that B14(F+R) sequences had only a partial homology (63%-80%) over several spans (141-252 bp) with bacterial artificial chromosome (BAC) clone (such as TA3B95C9 and 925M15) sequences (AM932684, 246 833 bp; AM050695, 180 914 bp) of the 3B and an unknown chromosome in wheat (Triticum aestivum L.). They are dispersed in five and two regions, respectively, along a part of the chromosomes covered by these BAC clones.
Discussion
To validate the reliability of the Y genome STS marker, a total of 33 accessions representing 28 species of Elymus were tested. They were classified into two groups: (I) 23 accessions known to have the Y genome in their genomic constitution and (II) 10 accessions known to lack the Y genome. All accessions in group I amplified the Y genome STS marker, making the STS-PCR assay extremely reliable.
In group II, accessions known not to carry the Y genome, 1 out of 10 accessions tested positive for the Y genome marker and 9 other accessions were confirmed to lack the Y genome marker. Elymus fibrosus (PI 547320), previously classified as an StStHH tetraploid species, was tested positive for the Y genome marker. However, with further scrutiny based on the intensity of the marker fragment (Fig. 2,  lane 11) and qPCR, this positive result could be attributed to the presence of about three copies of the Y genome sequence in its St genome rather than to the presence of a true present-day Y genome that contains about 3000 copies of this repetitive sequence (Table 2) . Therefore, E. fibrosus should still be designated as an StH genome tetraploid.
Tests on accessions of Hordeum marinum Hudson (Xa haplome) and Hordeum murinum L. (Xu) with the primers B14F1 and B14R1 demonstrated that there is no diploid Hordeum species that could be the source of the Y genome (data not shown). The few (7 out of 46) accessions of H. murinum that tested weakly positive for the Y genome marker are all tetraploids (Fig. 2) . The Y genome has higher copy numbers of the repetitive STS marker than St, Xu, and Xa (Fig. 2) . Furthermore, qPCR results (Table 2) confirmed the reliability of regular PCR that used adjusted template DNA concentrations based on ploidy levels of tested species (Fig. 2) . The Xu and Xa genomes would have had less than one copy of B14(F+R). Therefore, the Xa and Xu genomes in Hordeum were less likely the donor of the Y genome in the Elymus species than the St genome of Pseudoroegneria.
The B14(F+R) STS marker is useful in identifying the Y genome. Our results confirmed that P. libanotica (PI 401326 = 8376), P. spicata (PI 232134 = 8389), and P. cognata (T 219 = 3257) are all diploids possessing the Y genome marker; thus, they are potential donors of the Y genome. They had also been confirmed to be diploid Pseudoroegneria species using three STS-PCR tests for the St genome (data not shown). Our results added evidence supporting the hypothesis that the St and Y genomes may have originated from a common ancestor (Yen et al. 2005; Liu et al. 2006) .
Y genome specific STS sequences amplified from P. spicata (8389) showed a higher level of similarity to those from E. longearistatus (5992) than the other two Pseudoroegneria species, P. cognata (3257) and P. libanotica (8376) (Fig. 3) . Additionally, the amplified sequences from P. spicata had the second highest variability (14 sequences classified to eight types), only lower than those from E. longearistatus (11 sequences that were all different). Sequence variability was lower for those in P. libanotica (nine sequences belonging to four types) and P. cognata (all five sequences were identical). The internal transcribed spacer sequences of Liu et al. (2006) also showed that E. longearistatus was slightly closer to P. spicata than to P. libanotica. Based on these results, it is clear that P. spicata contains sequences that are most closely related to the Y genome STS marker in both E. rectisetus (StWY) and E. longearistatus (StY). Therefore, P. spicata is the prime candidate as donor of the Y genome to E. longearistatus (StY). However, this does not exclude the possibility that P. libanotica and P. cognata identified in this study, or other existing accessions of Pseudoroegneria species carrying the Y genome specific repetitive sequence, may be the Y genome donor in other Elymus species of the StY, StPY, StWY, or StHY genome constitution.
We This hypothesis remains to be tested.
